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THE INSTITUTE OF PAPER CHEMISTRY
Appleton, Wisconsin
BEHAVIOR OF FIBROUS AND NONFIBROUS COMPONENTS IN THE
CORRUGATING OPERATION
PART IIIo A STUDY OF THE DYNAMICS OF THE UPPER CORRUGATING ROLL--
PRELIMINARY REPORT
SUMMARY
As a part of a comprehensive study of the mechanics of corrugating
and the behavior of the fibrous and nonfibrous materials during corrugating,
an investigation of the dynamics of the upper roll has been initiated It is
known that, in addition to rotary motion, the upper roll.exhibits linear mo-
tion parallel to a line joining the.centers of the upper and lower corrugating
rolls This linear motion, which has been termed "jumping" or "drop action,"
is a result of the rolling action of mating corrugations of the two rolls and
is accommodated in corrugator design by permitting the upper roll bearing
assembly to slide on guide rodso
The rotary and linear motions of the upper corrugating roll are
pertinent to the flute molding process because the forces which cause these
motions are exerted by the lower corrugating roll and act transversely through
the medium at and near the center of the corrugating labyrinth A tangential
force overcomes the resistance (inertia and friction) of the upper roll to
rotary motion during constant or changing corrugating speeds A radial force
drives the upper roll in its "jumping" motions The tangential and radial
forces taken together comprise a.resultant force exerted by the lower roll
through the medium and thereby constitute the molding force in corrugatingo
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Molding is one of several significant phases of the corrugating operation,
whereby the medium acquires a permanent set and retains a fluted shape
while the liners are adhered
It may be appreciated, therefore, that a study of the motions
of the upper corrugating roll and the forces causing those motions should
lead to a better understanding of the stresses and strains induced in the
medium during molding A study of this type complements a previous study 
of the stresses and strains associated with the process of forming the flutes,
the latter process occurring at an earlier stage in the passage of the medium
through the labyrinth0 Moreover, it is conceivable that variations in the
degree of roll jump or rotary motion due to speed or other factors may cause
variations in the molding of the flutes Variations ih molding force may
be related to high-lows and/or leaning flutes in the corrugated board, in-
asmuch as an improperly molded flute may spring back upon leaving the laby-
rinth and retain thereafter a distorted shape Furthermore, variations in
molding force may affect (a) the stress relief which is believed to occur
in the medium near the zone of transverse compression, and (b) the side
wall strengths thus, molding force may also be related to runnability, in
the sense of medium ruptured
A theoretical analysis was made of the linear and rotary motion
of the upper roll Regarding linear motion, equations were derived that
relate the mass and linear acceleration of the upper roll to the forces
acting on ito These forces are (a) radial (molding) force exerted by the
lower roll transversely through the medium, (b) weight of the upper roll,
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(c) force of sliding friction between the upper roll bearing assemblies and
their guide rods, and (d) hydraulic loading of the upper roll
Similarly, the rotary motion was expressed in terms of roll inertia,
angular acceleration, tangential molding force, bearing friction and web ten-
siono
The experimental phase of this preliminary study was devoted pri-
marily to a study of the linear motion of the upper roll on the assumption
that it has the dominant effect on molding force Roll weight and force of
sliding friction were estimated with reasonable confidence from the machine
design of one of the Instituters experimental corrugators equipped with
A-flute rolls Special instrumentation was devised to measure instantan-
eously the hydraulic force acting at one bearing assembly of the upper roll
The hydraulic force is demonstrably variable, depending on the instantaneous
position of the upper-roll along its line of motion, and exhibits the char-
acteristics of a mechanical spring The instantaneous hydraulic force
measurement during corrugating was displayed on a dual-beam oscilloscope
as a curve of force vso time, along 'with a curve of roll displacement vso
time as measured by a displacement transducer inserted between the shoulders
at one end of the two corrugating rolls' Photographs of the force-time and
displacement-time curves were obtained while corrugating a 26-lbo semichemical
medium at 40, 100 and 300 fto/mino and also with bare rolls at 40 fto/mino
A typical linear motion of the upper corrugating roll during the
formation of one A-flute was as follows ' the upper roll moved away from the
lower roll twice during the 'formation of each flute, reaching the apex of
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its outward movement each time an arch was molded at the center of the laby-
rinth. The upper corrugating roll came nearest the lower roll when the
side walls of the flute were at the center of the labyrinth, that is, twice
for each flutee
Maximum linear accelerations of the upper roll occurred at the arches
and side walls of the flute because at these instants the upper roll reversed
its direction of motion. These peak accelerations were calculated graphically 
from the displacement vso time curves. It was found that the peak linear accel-
erations of the roll increased approximately as the square of the corrugating
speed. This characteristic is typical of a common class of mechanical oscilla-
tions and, therefore, lends greater confidence to the graphical determinations
of acceleration.
The estimates of peak acceleration and the measurements of instan-
taneous hydraulic force permitted calculation of the radial component of the
molding force that acts on the arches and side walls of the flutes Although
the experimentation was not extensive, there was an apparent trend for the
radial molding force to decrease at the arches and to increase at the side walls
with increase in corrugating speed. From this trend it may be inferred that
the molding of the A-flute arches became less complete at increased corrugating
speed, ahd the side walls more severely stressed at the higher speed.
The above-mentioned trend of change in molding force with change in
speed was confirmed by measurement of the change in residual caliper of the
medium in the tips of flutes taken from single-faced board which had been fab- 
ricated at two different corrugating speeds. Measurements of residual caliper
Fourdrinier Kraft Board Institute, Inc. Page 5
Project 1108-22 Progress Report 3
at the side walls verified the molding force trend in the case of B-flute
but not in A-flute.
It was found that the force on the side walls of the roll corru-
gations was substantially larger when the rolls were run bare at 40 f.p.m.
than when corrugating a medium at the same speed. This result is in appar-
ent agreement with the practice of operators to run the corrugator bare at
only very low speeds to avoid damaging the rolls.
An estimate of the tangential driving force was obtained from
measurements of rotary bearing friction at very low speed. This estimate
of driving force is appropriate to corrugating at constant speed except
that it does not account for possible momentary angular accelerations or
decelerations of duration comparable to the period of forming one flute
and which may arise from conjugate action of the roll corrugations (in
conjunction with the medium) or from the lower roll drive system. In gen-
eral, the tangential force was two orders of magnitude lower than the
radial force, indicating that the molding force was essentially.equal
to the radial component and directed along the line of roll centers.
However, considering the trend to decreased radial molding force at the
arches as speed is increased, it may be expected that the total molding
force would become more highly dependent on its tangential component and
would be inclined away from the line of roll centers.
The present data and the noted trends should be viewed only as
preliminary data because of the small sampling during this phase of the
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investigations The results indicate, however, that this type of experimen-
tal and analytical approach is feasible and offers promise as a method of
studying the molding forces during corrugating.
Work is now in progress on an improved experimental technique
which utilizes an accelerometer transducer instead of a displacement trans-
ducero This substitution will afford direct recording of acceleration with
a consequent saving of analysis time and presumably an increase in accuracy.
Furthermore, it should be possible to sample a substantial number of conse-
cutive flutes during corrugating and also in the fabricated single-faced board
and thereby perhaps relate molding forces to the high-low and leaning flute
phenomena and runnabilityo Instrumentation is also being installed at both
ends of the upper corrugating roll for the purpose of obtaining a more
complete and accurate record of roll motion.
Reviewing the results of this study, the following salient points
may be noteds
lo A theoretical analysis was made of the molding force of corrugating, in
terms of the rotary and linear motion of the upper corrugating roll'
20 An experimental investigation of the linear motion of the upper roll of
the Institute research corrugator yielded estimates of the magnitude of the
molding force acting on the arches and side walls of the flute
30 Although the experimentation was not extensive, the data indicated that
an increase in corrugating speed reduced the molding force at the arches of
the flute and increased the force at the side wallo Measurements of medium 
caliper after corrugating partially confirmed this trend
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40 Variation in molding force with increase in corrugating speed possibly
may be related to high-low and leaning flutes (because of lack of adequate
molding of the arches) and to runnability (because of lack of stress relief
or because of maceration of the flute side walls).
50 Work currently in progress is directed to improving the accuracy and
efficiency of the experimental method of determining molding force
60 It is believed that this type of investigation is capable of determin-
ing whether variations in molding force (due to machine design and operation
and/or medium properties) are related to (a) high-low flutes, (b) leaning
flutes and (c) runnabilityo
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INTRODUCTION
The Institute of Paper Chemistry, on behalf of the Fourdrinier
Kraft Board Institute, has been pursuing a fundamental study of the mechanics
of corrugating and the behavior of the fibrous and nonfibrous components in
the corrugating operations One of the goals of this study is to gain a
better understanding of the relationship between the physical properties
of the medium and its behavior during corrugating in terms of runnability, '
ability to mold and bond, and the occurrence of high-low and leaning flutes
An earlier phase of this study was concerned with an exploratory
analysis of the stresses and strains which are induced in the medium from
the time it leaves the parent roll at the stand until the flute is formed--
that is, to a point just preceding the center point of the corrugating rolls
(1)o It was concluded that flute formation probably involves both the bend-
ing and shear properties of the corrugating medium and that the coefficient
of friction may be a significant factor in runnabilityo In the aforementioned
study, a distinction was made between the "forming" process and the subsequent
"molding" process, the latter taking place near and at the center point of the
labyrinth when substantial transverse compression stresses are brought to bear
on the medium. The nature of the transverse molding stresses was not analyzed
in Reference (1)o
Germane to the consideration of molding stresses is a well-recognized
phenomenon of corrugating wherein the upper corrugating roll possesses not
only rotary motion but also translational motion parallel to a line joining ,
the centers of the upper and lower corrugating rolls This "up and down"
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motion of the upper roll has been called "drop action" and was described by
Wilson (2) several years agoo Concurrent with the writing of this report,
work of Peters (i) has been published which draws attention to the same
phenomenon and terms it "jumping" of the upper roll, amounting to four to
eight ten-thousandths of an incho Peters discusses qualitatively the pos-
sible effect on the corrugating medium Extensive measurement of the mag-
nitude of this aspect of upper roll motion has been made in connection with
a study at the Institute of the relationship between roll clearances and
flute height (i)o
The significance of the jumping action to molding stresses is
that the force which drives the upper roll in its upward motion is provided
by the lower roll acting through the medium, that is, the driving force is
the molding force. More exactly, the force which drives the roll upward
is the radial component of the total molding force; the other component is
the tangential force exerted by the bottom roll in driving the upper roll
in rotary motion Inasmuch as the jumping motion of the upper roll is
oscillatory in nature' the radial driving force is not constant. Therefore,
it is not quite proper to speak of the molding force, in the sense of a con-
stant force related only to the hydraulic loading on the corrugator rolls,
but rather the driving force (molding force) which continually varies in a
manner corresponding to the roll motion
It appears reasonable that variations in the degree of roll
jumping (for whatever reasons there may be) will cause corresponding
variations in the molding forcesO Inasmuch as corrugating, in its simplest
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concepts, consists of inducing a permanent set in the medium so it will re-
tain a fluted shape, it follows that variations in the intensity of the molding
forces may be expected to permit varying degrees of "spring-back" of the flute
arches when the medium leaves the labyrinth. Such variations in spring-back
may be contributory to high-lows and/or leaning flutes Moreover, it is
believed that the transverse compression during molding offers some relief
of the tension stress and strain in elements of the medium immediately pre-
ceding the zone of transverse compression, because of the Poisson expansion
in the machine direction of the medium Variations in the degree of
tension relief (due to variations in the molding force) may be a factor
in whether or not the medium fractures in the late stages of formingo
A study was undertaken, therefore, of the dynamics of the upper
corrugating roll and its relationship to machine design and the properties
of the medium This report describes an exploratory theoretical and experi-
mental phase of a study of the motion of the upper rollo
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THEORETICAL CONSIDERATIONS
The forces which may be expected to act on the upper roll of the
Institute experimental corrugator (shown in Fig. 1) and which are pertinent,
therefore, to the motion of the upper roll are diagrammed in Fig. 2. In
the latter illustration the upper corrugating roll and its bearing assembly
are denoted by the solid-line circle and the lower corrugating roll is
represented by the dashed-line circle The bearing assembly of the lower
roll is rigidly fixed to the frame of the corrugator, but the upper roll
and its bearing assembly can move parallel to the center line shown in Figo 2o
The lower roll exerts a force, F on the upper roll, of which one
vector component, L, directed tangentially, provides the motive force to
rotate the tipper roll, and the other vector component, R directed radially,
causes the upper roll to move along the line of roll centers. The force
Fq is of interest to the analysis of corrugating because this force acts
transversely through the corrugating medium while the latter is at the
center of the labyrinth of the corrugating rollso Accordingly, the force F
is involved in the process of molding the medium into its fluted shape It
should be emphasized that F is a force, not a stresso The distribution of
this force over one or more teeth at and near the center of the labyrinth
is probably nonuniform with respect to both time and location on the tooth
profile.
Inasmuch as one component of the molding force F causes rotary
motion and the other component causes translational motion (jumping) of the
roll, it is appropriate to consider these two types of motions independently
Page 12
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Figure 1. Configuration of the Institute Experimental
Corrugator















Forces Acting on the Upper Roll of the Institute CorrugatorFigure 2.
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in the following theoretical discussion of the molding force and the dynamics
of the upper corrugating rollo
TRANSLATIONAL MOTION OF THE UPPER CORRUGATING ROLL
The displacement of the upper roll along the centerline of Figo 2
is denoted by the co-ordinate x, taken as positive when the roll has moved
upward relative to its median position In addition to the component force 
R other forces acting on the upper roll which are associated with its trans-
lational motion are gravity, sliding friction of the bearing assemblies and
hydraulic loading.
The weight of the upper roll assembly, W,l acts downward through
the center of gravity of the assembly; the weight is estimated to be about
800 lb. The component of the weight acting parallel to the direction of roll 
displacement is W sin 45' - 800(2C/22) = 560 lb. The component of weight
perpendicular to the direction of roll motion (also W sin 45') is reacted
by the chromed-steel guide rods on which the upper roll assembly slides.
Accordingly, a force due to friction, Ff, acts in a direction opposite to
the direction of roll motion Assuming a coefficient of sliding friction,
4 , independent of velocity and having magnitude 01o, the total force of
friction is Ff = /W4 sin 45' = (0.1) (560 lbo) = 56 lb.
The upper roll is loaded by means of a hydraulic pressure system
which exerts a total force, H. along the line of roll motion. The nature of
this force will be discussed in greater detail later
Fourdrinier Kraft Board Institute, Inc. Page 15
Project 1108-22 Progress Repor 3
From the law of motion (force - mass x acceleration), the equa-
tion of linear motion of the upper roll is
m x = R - H - Ff - W sin 45 (1)
when the roll is moving upward (ioe., when x is positive). In this equation
x = d2xdt2 = acceleration, x = d t = velocity, and m W/g = mass - weight/
acceleration of gravity The forces in Equation (1) are considered as
positive when directed as diagrammed in Figo 2o (A complete list of symbols
appears in Appendix A to this report)
When the upper roll moves downward along the center line (x negative)
the force of friction is directed opposite to that shown in Fig. 2, whereupon
the equation of motion is
m x = R - H + Ff - W sin 45'o (2)
As a first approximation it will be assumed that the friction
force, Ff, is independent of displacement and velocity of the upper roll
In view of the small mean value of this force (56 lb.) relative to the
x-component of the weight of the roll assembly (560 lbo), it appears that
any reasonable variation with time in the friction force will be inconse-
quential to the motion of the upper roll
The hydraulic force, H, on the other hand, is not a constant
forceo Experiments have shown that it varies about its mean value of 3500
lbo (corresponding to 250 poSoiog. in the hydraulic lines) by about 500 lbo
for each one-thousandth inch of roll displacement, This variation in hy-
draulic force is apparently in the nature of a mechanical spring and may be
attributed to inertia of the hydraulic fluid, expansion of the hydraulic
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lines and the cushioning action of nitrogen gas-filled cylinders which act as
shock absorbers for the hydraulic system
In view of the springlike characteristic of the hydraulic force,
it is convenient to consider H as made up of two additive (scalar) components,
namely, a statical component Hs equal to the mean value of the hydraulic
force (typically 3500 lbo) and a dynamic component Hd having the character-
istics of a spring. Symbolically, 
H Hs
+ Hd = H + kh x (3)
where H - total hydraulic force, lbo
He static component of hydraulic force, lbo
Hd= dynamic component of hydraulic force, lbo
kh- spring constant of hydraulic system, lbo/ino
The mean hydraulic force, Hs, will be considered as acting when the upper 
roll is at its median displacement (x = 0)o This is only approximately
correct inasmuch as the mean hydraulic force is really a time-average rather
than a median value It is believed that the error of this approximation
is not prohibitive In view of Equation (3), it is seen that the total
hydraulic force, H, varies about its mean value, H , depending on whether
the displacement, x, is positive or negative0
The force, LR exerted by the lower roll also may be considered as
being composed of statical and dynamic scalar components vizo,
R Rs + Rd (4)
where R = static component of force exerted by lower roll, lbo 
R- = dynamic component of force exerted by lower roll, lb.
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The static component, R, is the force exerted by the lower roll when the
corrugator is hydraulically loaded to its mean value, Hs, but the corrugator
is not running.
Substituting Equations (3) and (4) into Equation (1), the
equation for upward motion of the upper roll becomes
mx 3 Rs + Rd -Hs- kh x - Ff - W sin 45%' (5)
But under static conditions (ioeo, rolls hydraulically loaded but corrugator
not running)
Rs - Hs - W sin 45e ° 0,
whereupon the equation for upward motion becomes
m x = Rd - khX- Ff (when x is positive). (6)
Similarly, the equation for downward motion becomes
m x = Rd - kh x + Ff (when x is negative). (7)
Equations (6) and (7) may be recognized as the equations of motion of a
simple spring-mass system with Coulomb damping (5) subjected to a driving
force, R d; and the system may be diagrammed schematically as shown in Figo 3o
The driving force, R exerted by the bottom roll (and acting
transversely through the corrugating medium) is given by
00
Rd = m x + kh x + Ff (when x is positive) (8)
and Rd m x + kh x - Ff (when x is negative). (9)
Thus, the dynamic driving force, Rd, may be calculated from numerical data
on the acceleration and displacement of the upper corrugating roll, provided
the "machine constants" are known, namely, mass (m = W/V,), hydraulic spring
constant(kh) and friction force (Ff = W sin 45°)o The dynamic driving
force, R,, may be added to the static component, Rs = Hs + W sin 45e,
Page 18
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corresponding to a particular hydraulic loading, to give the total force, R
exerted through the medium parallel to the line joining the roll centers,
ioeo, the radial component of the molding force, F.
Following the D'Alembert method of dynamical analysis (i), an
inertialforce may be considered as acting on the mass (ioe., upper roll
00
assembly), having magnitude m x and directed oppositely to the acceleration
at the instant in question, as illustrated in Fig. 4. In this scheme, the
analysis may be treated by the methods of statics. The equilibrium equations
are
00
Rd - mx - kx -Ff = 0 (when x is positive) (10)
and
Rd m x - kh x + Ff - 0 (when x is negative). (11)
For example, when the upper roll is moving upward at a location x = +b above
its median displacement, but is slowing down =,-a i.e., negative accelera-
tion), Equation (10) becomes
Rd + m a = kh b + Ff (12)
ioeo,
Dynamic Inerti Hydraulic Friction
Driving + Force Spring + Force
Force Force 
It is seen that at this instant two forces are effective in slowing down
the roll motion, namely, the hydraulic spring force and the friction force.
They are opposed by the dynamic driving force of the lower roll and the inertia
-of the upper roll assembly. It may be recognized that if the acceleration,
a, is very large, such as occurs at the extreme point of positive displacement,
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the dynamical component,.~, of the lower roll force may have to be negative
in order that Equation (12) be satisfied. This means that the total radial
force, LR exerted by the lower roll must be less than its mean value, Rs, in
order that the upper roll assembly be slowed down to zero velocity in its
upward motion and thereafter reverse its direction.
Similarly, it maybe reasoned that an increase in the total radial
driving force may be required at the point of minimum roll displacement (i.e.,
corrugating rolls closest together) in order to give the upper roll the posi-
tive acceleration needed to reverse the direction of roll motion.
It should be noted that the dynamic components of the driving force
and hydraulic force (fR and k x) can be either positive or negative. The
total radial driving force (R) and the total hydraulic force (H), however,
can be only compression forces,- that is, positive forces by the sign conven-
tions adopted in this analysis
ROTARY MOTION OF UPPER CORRUGATING ROLL
x angular
where
The equation of rotary motion (moment of force t moment of inertia
acceleration) of the upper roll is (see Fig. 2):
.o
I g = Tr - Mf (13)




0 - angular acceleration of upper roll, rad./sec.
T = tangential component of molding force Fs lb.
r = mean radius of upper roll, in.
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This equation expresses the fact that the angular acceleration of the upper
roll is supplied by the tangential driving force, T, and opposed by the
bearing friction, Mfo
Inasmuch as the point of driving contact between a corrugation
of the bottom roll and a corrugation of the upper roll continually changes
during the fiormation of a'flute, there is no single value of the moment arm
of the tangential driving force, To It would appear, however, that the mean
radius, r of the' upper roll would be' a reasonable approximation to the in-
stantaneous momehtn'arm;-'for a'twelve-inch diameter A-flute roll, the error
in the moment' -a' would be no greater than 0ol inch in six inches, that is,
less than 2%o
The moment of bearing friction, Mf, in the Institute corrugator
has been evaluated experimentally at ordinary operating temperatures but at
very low speeds of rotation.. This measurement was accomplished by wrapping
a flexible tape around the upper roll when the latter was disengaged from the
lower roll A spring scale attached to the free end of the tape indicated
the force necessary to overcome bearing friction while the roll was rotated
at slow, uniform speed by pulling the spring scale and tape. The measured
force was 30 lbo, whereupon the moment of bearing friction is approximately
o
(30 lbo)(6 in.) - 180 lbo-ino It may be anticipated that the moment of
friction at practical corrugating speeds will differ by some small amount
from this experimental value because of the well-recognized but generally
uncertain relationship between the coefficient of friction and speed in
roller bearingSo
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If the angular acceleration, 8, is measured or estimated for par-
ticular operating conditions of the corrugator, the tangential driving force,
, may be calculated from Equation (13)o It may be recognized that the
angular acceleration of the roll may be of two types (a) changes in nominal
corrugating speed, and (b) nonsteady rotation during the period of formation
of a flute. As an example of the first type of angular acceleration, suppose
that the corrugating speed is increased from zero to 500 fto/mino in ten
seconds. The final speed corresponds to an angular velocity of about 17
radian/second for a 12-inch diameter corrugating rollo The average angular
acceleration over the ten-second period, therefore, is 1.7 rado/seco2 The
driving force T required to bring the corrugator up to this operating speed
is given by Equation (13), namely,
T - (I/r) Q + Mf/r (14)
If the corrugator speed is maintained thereafter at 500 fto/mino (or any other
constant speed), the nominal angular acceleration 0 is zero and the driving
force is reduced to
T - Mf/r, (15)
that is, a force just sufficient to overcome bearing friction For the
machine and operating characteristics cited above for the Institute corrugator,
the steady-state driving force is
T - (180/6) - 30 lb,
If the corrugator is slowed down (negative acceleration) the tangential
force, L will diminish (algebraically) from its steady-state value and may
reverse direction for sufficiently large decelerationso The latter corresponds
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to a braking action by the lower roll, whereupon the points of driving
contact change to the opposite sides of the roll corrugations.
Regarding the second type of angular acceleration, it is believed
that the conjugate tooth action of the roll corrugations is such that the
roll does not turn with absolutely uniform speed during the formation of a
flute, but rather is an uneven motion because of the corrugation profile and
a· ~ the presence of a deformable medium between the corrugations Thus, even
though the corrugator may be running at a nominally constant speed of, say,
500 ft./mino, the upper roll may be momentarily speeded up and slowed down
as two mating corrugations roll past each other at the center of the laby-
rintho Thus, over the short time interval of 1/300 second (corresponding
to the molding of an A-flute at 500 fto/mino) the upper roll may be sub-
jected to momentary accelerations and decelerationso The driving force, L
must change accordingly [see Equation (14)]o
Closely allied withmomentary accelerations due to tooth profile
and interposition of the medium are other angular accelerations due to non-
uniform velocity of the bottom (driving) roll No drive system is perfectly
uniform and it may be expected, therefore, that the motor and gear train
of the lower. roll induce spurious accelerations to the lower roll which are
transmitted to the upper roll
These momentary accelerations, of course, differ only in degree
from the intentional angular acceleration of the upper roll as the corrugating
speed is changed If the momentary accelerations can be measured or estimated,
the associated driving force can be evaluated from Equation (14)o
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[It should be remarked that a more exact analysis of the forces acting
on the upper corrugating roll would admit the possibility that the point of
application of the resultant molding force, F,(see Figo 2) may not be precisely
at the center point of the labyrinth The force F is the resultant of a com-
plex distribution of forces extending over a number of teeth in the labyrinth
and represents the totality of all effects which may be described individually
as (a) driving the upper roll, (b) forming the flutes, and (c) molding the flutes
Because of the various magnitudes and the dispersed nature of this complex system
of forces, it must be admitted that the line of action of its resultant indeed
may intersect the periphery of the upper roll at a point other than on the line
of roll centers.
The effect of this refinement in the analysis is that the line of
action of the component force, R, parallel to the line of roll centers, does
not pass through the center of the upper roll, but rather is eccentric by
some amount, eo Accordingly, the equation of angular motion, Equation (13),
would be amended by adding a term, R e to the right-hand side, accounting
for the moment of force R about the center of the upper roll The equations
for linear motion of the upper roll would remain unaffected.]
DETERMINATION OF TOTAL MOLDING FORCE, F 
The resultant molding force, F, is given in terms of its vector
components, R and T_ by
F - + T(16)
and its line of action is inclined to the line of roll centers by the angle
= arctan (T/R). (17)
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It is evident from the foregoing theoretical discussion that the
major undetermined quantities required for estimation of molding force are
(a) the linear acceleration of the upper roll parallel to the line of roll
centers, and (b) the momentary angular acceleration while the upper roll is
driven at a nominally constant corrugating speed On the assumption that the
linear acceleration has the dominant effect on molding force, it was decided
to pursue the investigation of the unknown accelerations in the order listed
above The remainder of this report, therefore, is concerned with a pre-
liminary study of the linear accelerations associated with jumping of the
upper roll
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EXPERIMENTAL PROGRAM
The experimental program consisted essentially of determining
the linear displacement and acceleration of the upper roll (A-flute) and the
hydraulic spring force, kx. at various corrugating speeds for a given medium,
so that the driving force, Rd, acting transversely through the medium at the
center point of the labyrinth could be calculated from Equations (8) or (9)
[or, alternatively, Equations (10) and (ll)]o 
Displacement of the upper roll was measured by means of a displace-
ment transducer which has been developed for allied studies concerning the
clearance between the upper and lower rolls during corrugating (4)o As illus-
trated in Figo 5, the displacement transducer measures the motion of the upper
roll relative to the lower roll by means of a strain-gaged ring compressed be-
tween two pivoted arms which ride on the shoulders of the corrugating rolls 
The measurement was displayed as a curve of displacement versus time on the
screen of a dual-beam oscilloscope and recorded on film by means of a Polaroid
camera attachment The displacement transducer was calibrated by means of a
machinists micrometer, giving a calibration factor of 0000016 inch of roll
displacement per centimeter graduation on the oscilloscope screen
The instantaneous hydraulic force, hx, was measured by means of
a strain-gaged, one-inch diameter rod which connects the hydraulic piston and
the bearing assembly at that end of the upper corrugating roll whose motion was
measured with the displacement transducer (see Fig. l)o Four 500-ohm, SR-4
strain gages, cemented longitudinally and circumferentially on the rod, con-
stituted the arms of a Wheatstone bridge, on which 18 DoCo volts were impressedo







Figure 5. Displacement Transducer Employed for Measurement of Roll
Motion
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The gages were arranged in the bridge so that bending strains cancelled and
only the axial strain in the rod was measured The bridge was balanced to
zero output with the corrugator stopped, whereupon the output of the bridge
during corrugating was proportional to the dynamic component, khx of the
hydraulic force at one end of the upper corrugating rollo The bridge output
was displayed as a curve of force versus time by the second beam of the dual-
beam oscilloscope and photographed along with the aforementioned displacement
versus time traces
The strain gage bridge on the rod was calibrated statically by
manually adjusting the hydraulic pump valve to give + 30 poSoiogo about the.
mean pressure of 250 posoiogo and observing the displacement of the oscilloscope
traces At maximum sensitivity of the oscilloscope the calibration factor was
503 poSoio per centimeter on the oscilloscope0 Inasmuch as the hydraulic piston
area is seven square inches, the calibration factor may also be expressed as
37o1 lbo per centimeter This calibration was checked satisfactorily later on
a universal testing machine Because Equations (8) and (9) involve all forces 
acting on the upper corrugating roll, it was assumed that the second hydraulic
cylinder at the other end of the roll acted at the same instantaneous pressure
as the measured end, whereupon the calibration factor for the total (dynamic)
hydraulic force is 74.2 lbo per centimeter on the oscilloscope screens
The calibration of the strain-gaged rod described above suffers from
two shortcomings which should be improved upon in future work First, in this
preliminary study, the calibration was performed at only one level of hydraulic
pressure above and below the mean pressure, namely, at + 30 poSoiogo, corres-
ponding to + 420 lbo hydraulic force. This mode of calibration does not determine
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the linearity of the transducer at intermediate and more extreme levels of
pressure. It will be seen from the data presented later in this report, how-
ever, that the measured values of hydraulic force were within the calibration
range, so that interpolation, rather than extrapolation, of the calibration was
performed
Secondly, and perhaps of greater significance, is that the calibra-
tion was performed statically whereas the measurements during corrugating were
highly dynamics It is believed that the static calibration led to underestima-
tion of the dynamic hydraulic force, for the following reason. Most ductile
materials such as steel exhibit an increased modulus of elasticity with increase
in the rate of load application That is, relative to a slowly applied load, a
rapidly stressed body will undergo less strain, Equivalently, a greater dynamic
stress is required to give the same strain as was obtained with the stress levels
employed in the static calibration of the strain-gaged rods. A dynamic strain
signal obtained during corrugating, therefore, is actually caused by a higher
load than would be inferred from the results of a static calibration.
Figure 6 is a typical photograph of oscilloscope curves of dis-
placement and hydraulic force as a function of time This photograph was
taken while corrugating a 26-lbo semichemical medium at 100 fopom. with
A-flute rolls Time increases from right to left; the distance between suc-
cessive grid lines corresponds to 2 milliseconds (ioe., 0.002 second), The
lower curve is roll displacement with positive x measured upward (one grid
division = 0o16 x 10-3 inch) and the upper curve is hydraulic force, _hxk
with compression increasing in the upward direction (one grid division =
7402 lbo, accounting for both ends of the roll)o
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Figure 6. Typical Oscilloscopic Record of Dynamic Hydraulic Force and
Roll Displacement (26-lb. Semichemical Medium Corrugated at
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.Past experience (i) identifies the lower peaks, points S_ of the-
curves as the instant when the side walls of a corrugator roll tooth are at 
the center point of the labyrinth The lesser of the three maxima, point B,
of each curve corresponds to a root of the bottom roll at the center point .
(the medium in this root is the unadhered arch of the flute in single-faced.
board); the greater of the three maxima, points T, are roots of the upper
roll (corresponding to the adhered arches.of .a flute in single-faced board)o
Thus, one flute corresponds to the curve starting from one point T and ending
at the following.point To. 
It may be noted that the maxima and minima of the force and dis-
placement curves coincide timewise and, in general, the two curves are sub-
stantially parallel throughout. That is, as the upper roll moves away from
the lower roll (increasing x) the hydraulic pressure increases proportion-
ately, as would be anticipated, and, conversely, as the roll displacement
diminishes, the hydraulic pressure also decreases. For the medium and oper-
ating conditions of Figo 6, the maximum roll displacement was about six
ten-thousandths of an inch and the hydraulic force changed by about 375 lbo
At a maximum point on the curves the increased hydraulic pressure provides
the negative acceleration required to bring the roll velocity to zero and re-
verse its direction. At a minimum point., the hydraulic pressure reaches its
least value which, in conjunction with the driving force supplied by the lower
corrugating roll, accounts for the large positive acceleration necessary to .
reverse the roll motion
A graphical differentiation of the displacement curve at any instant
of time provides an estimation of the acceleration, x, of the upper roll and
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thereby enables calculation of the lower roll driving force, Rd, at that
instant [Equations (8) or (9)]. The determination of acceleration was ac-
complished as illustrated in Fig..7. The accelerations of greatest interest
are those at the peaks of the displacement curve (e.g., point T) since they
are the maximum accelerations and are associated with the maximum forces
acting on the upper roll. It is impossible, however, to determine an in-
stantaneous acceleration graphically from a displacement vs. time curve; the
best that can be done is to determine the average acceleration over a finite
time interval, At (eog., from A to T) and then repeat the process for suc-
cessively smaller intervals of time, thereby approaching the instantaneous
acceleration at T in the limit. On the other hand, the repetitive process
is hardly warranted for a first approximation. It may be shown (see Appendix B)
that with harmonic motion (x = sin t), an interval .t as great as one-half of
the quarter-period of the motion (e.go, approximately points A to T in Fig. 7)
will lead to an error of only -10% in the calculation of the instantaneous
acceleration at point To
To estimate the acceleration at point T, therefore, a point A was
located where the displacement curve visibly departed from linearity (i.e.,
where the velocity was not constant)o A tangent line was drawn to the curve
at A. Inasmuch as the slope of the tangent line is proportional to the velocity,
Xl' at A, this velocity was readily calculated in units of inches/second. The
velocity, -2, at the apex of the curve, point T, is zero since the slope of
the tangent line is zero at this point. Then the average acceleration, x,
over the time interval, 4t, is given by
x 2 -
~* .* . ** At A^ t












Figure 7 Illustration of a Graphical Method of Computing
Figure 7 llustration from a Disraphical Method o Time Computing
Acceleration frozn a Displacement vs. Time Curve
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Inasmuch as the hydraulic force, khx, may be read from the force-time curve,
Equation (8) may be used to calculate the lower roll force, Rd, acting at
the instant of time corresponding to point T.
It may be appreciated that, due to the low magnification of the
displacement curves shown in Fig. 6, considerable error may be introduced in
the estimation of acceleration when fitting a tangent line to the curve. In
an effort to minimize this type of error, additional photographs were ob-
tained (at a given corrugating speed) with a magnified time scale (i.eo,
faster sweep of the oscilloscope beam). In this way an enlarged trace of
each typical maximum and minimum point of the displacement curve was made
available for acceleration measurements In some instances the oscilloscope
sweep was synchronized with the event so that successive peaks of the same
type appeared superimposed on the photograph. Figure 8 is a photograph of
three successive peaks of type T (cofo, Fig. 6) taken at a sweep speed of
04 millisecond per centimeter, The superposition of peaks in Fig. 8 permits
construction of an average slope when calculating xl, thereby alleviating 
somewhat the problem of small sampling which would otherwise accompany in-
creased sweep speeds.
Am undesirable consequence of working with photographs with in-
creased sweep speeds, such as Figo 8, was the loss of a reference level. for
reading displacement, x, or hydraulic force, khx inasmuch as the adjacent
peaks of type S and B of Fig. 6 do not appear in Fig. 8. Thus, while a
photograph such as Fig. 8 yielded an improved estimate of acceleration of
each characteristic peak, the corresponding values of x or khx required for
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Figure 8. Oscilloscopic Record of One Type of Peak on Displacement
and Hydraulic Force Curves, Obtained with Fast Sweep (26-lb.
Semichemical Medium Corrugated at 100 f.p.m. with
A-flute Rolls)
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evaluation of Equations (8) or (9) were unknown. The only recourse was to
read khx from photographs such as Fig. 6 and read x from photographs such
as Fig. 8, recognizing that different corrugator teeth undoubtedly were
involved in the two photographs and, therefore, an unavoidable sampling
error may have been incurred. 
It should be remarked that a better experimental technique would
be to substitute an accelerometer for the displacement transducer. An ac- 
celerometer is a transducer which measures acceleration, x, directly and
can display it on the oscilloscope screen as a function of time. Thus, one
photograph, encompassing numerous consecutive flutes, would yield x and khx
whereupon the driving force of the lower roll could be calculated with much
less labor and presumably greater accuracy.
Using the procedure described in the preceding paragraphs, os-
cilloscopic records were obtained of the corrugating of a 26-lb. semichemical
medium at corrugating speeds of 40, 100, and 300 fo.pm. One additional set of
photographs was taken at a corrugating speed of 40 fop.mo with no medium, that
is, bare corrugating rolls.
4;
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DISCUSSION OF RESULTS
Oscilloscopic records of the linear motion of the upper corru-
gating roll and the hydraulic force by which the upper roll was loaded were
obtained while corrugating a 26-lbo semichemical medium at 40, 100, and
300 fto/min, with A-flute rolls and without the medium at 40 ft./mino The
peak accelerations of the upper roll were estimated from its displacement
vso time curves. The above-mentioned measurements enabled calculation of
the radial driving force exerted on the upper corrugating roll by the lower
roll (ioeo, the component of the driving force which acts parallel to the
line joining the centers of the rolls)o Inasmuch as this force acts trans-
versely through the corrugating medium at the center point of the labyrinth,
it is involved in the molding process of corrugating0 Variations in the
driving force may be expected to lead to varying degrees of flute molding
and possibly may be related therefore to (a) the occurrence. of highs and
lows and leaning flutes in the corrugated boards and (b) runnabilityo
Table I contains the significant experimental data and major
results of the calculation from this exploratory study of the effect of
corrugating. speed with and without a medium. For example, at a corrugating
speed of 40 fto/mino without medium, graphical determinations were made
(from three curves) of the peak acceleration when the root of the top roll
was at the center point of the labyrinth0 The three determinations of
acceleration ranged from -37 to -80 ino/seco2 with a mean value of -65 ino/
seco2 The negative sign prefixing these accelerations means that the





















































































































































































































































































































































































































































































































































































Fourdrinier Kraft Board Institute, Inc. Page 39
Project 1108-22 Progress Report3
"deceleration") and reversing its direction of motion. From supplementary
oscilloscope photographs taken at the same corrugating speed, it was determined
that the hydraulic compressive forces kh, on the upper roll was 400 lb.
above its mean (static) value of 3500 lbo (the latter corresponding to a
mean gage pressure of 250 poSoio)o Substituting these values of acceleration
and dynamic hydraulic force into the equation of roll motion, Equation (8),
the dynamic driving force, Rd, of the lower roll was found to be +320 lbo
Inasmuch as the static component of the lower roll force ((corresponding to
corrugating speed of zero but with hydraulically loaded rolls) was 4060 lb.,
the instantaneous value of the lower roll force, parallel to the line of
centers of the corrugating rolls, was estimated to be 4380 lbo, that is,
320 lb. above its static value
The data for the root of the bottom roll indicated that the absolute
value of the acceleration was somewhat less than for the top roll root, namely,
-50 vso -65 ino/seco , as may be anticipated since the upper roll of this pair
of corrugating rolls characteristically does not move as far away from the
lower roll for this root Accordingly, the driving force exerted by the lower
roll was less, namely, 4160 vso 4380 lbo
The acceleration of the roll when the side wall was at the center
point (bare rolls) was an order of magnitude greater than the roll root ac-
celerations, namely, +785 ino/sec 2 This acceleration is positive because
the upper roll has come nearest to the lower roll and is starting to move awayo
On the other hand, the dynamic hydraulic force has reached a minimum value
for the side wall, namely, -400 lbo, meaning that the total hydraulic force
is 400 lbo less than mean hydraulic force, namely, 3500 lbo In spite of the
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decrease in hydraulic force, the large positive acceleration required that 
the driving force exerted by the lower roll increase to 5235 lbo in order to
reverse the direction of motion of the upper roll
It may be of interest to note that the acceleration at the aside
wall when a medium was being corrugated at 40 fto/min. was only +115 ino/seco , 
as contrasted with +785 ino/seco2 for the bare rolls Accordingly, the driving
force was appreciably less when corrugating a medium, namely, 4050 vso 5235 lbo
Thus, running the corrugating rolls bare caused a substantially larger com-
pressive force between the corrugator rolls and explains why'an operator is
cautious about running the rolls bare beyond, say, 50 fto/mino for fear of
damaging the rolls
The accelerations corresponding to the root of the top roll at all
three corrugating speeds (40, 100 and 300 fopomo) with medium are seen to be
-22, -180, and -1430 in/seco2 , respectively These accelerations are in the
ratio of approximately 0o12:1:8, while the square of the corresponding corru-
gating speeds are in the ratio Oo16:19o If the roll motion were exactly simple
harmonic, the accelerations would be in the ratio of the square of the corrugat-
ing speeds (for equal amplitudes of motion) (7)o While the roll displacement
curves are visibly not exactly simple harmonic, the degree of similarity be-
tween the acceleration ratios and the speed-squared ratios lends credibility to
the experimental determinations of accelerations
In examining the data of Table I, caution should be exercised when
comparing the driving force at the roots vso driving force at the side walls
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These forces should not be interpreted as stresses (that is, force per unit
area). The distribution of these forces along the tooth profile (that is,
stress) is not known and is outside the scope of this report. Thus, the ob-
servation that the side wall force is, in two instances, greater than the force
at the root does not necessarily mean that the side wall stress is greater than
the root stress, because different areas are probably involved, On the other
hand, root forces may be compared directly in terms of stress, since approxi-
mately the same area is involved for all roots. Furthermore, variations in
the driving force at a given root should be meaningful to a study of high-lows,
leaning flutes and stress relief inasmuch as the forces should be in approxi-
mately the same ratio as the (unknown) stresses
When corrugating a medium, there appears to be a trend to lower driving
force at a root with increase in corrugating speed. For example, at a root of
the top roll (corresponding to the adhered arch of the flute in single-face
board) the driving force was 4265, 3910, and 1275 lbo at 40, 100, and 300 fto/
minor, respectively0 Similarly, the force at a root of the bottom roll decreased
from 4175 to 4070 lbo as the speed was increased from 40 to 100 fto/mino, al-
though the difference in force in this case may not be significant These data
indicate, however, that the intensity of the radial component of the transverse
molding force diminished with increase in corrugating speed. A decrease in
molding force, in turn, probably would lead to less well-formed flutes in the
corrugated board, which may be the cause, therefore, of more severe high-lows
as corrugating speed increases (8). Furthermore, a decrease in molding force
may result in less stress relief in the medium just preceding the transverse
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compression zone, thereby increasing'the probability of flute fracture in the
late stages of flute forming In this sense, a decrease in molding force due
to increase in' corrugating speed may be one of the determining factors in the
runnability of a medium 
By way of a mechanical explanation for the decrease in driving force
at a root as speed increases, it may be visualized in the following terms:
the inertia force of the upper roll (tending to throw the roll outward at the 
apex of its outward movement) becomes greater with increase in speed and con-
sequently a larger fraction of the total available hydraulic force is required
to bring the roll motion to a halt (the force of friction being constant).
This leaves a smaller fraction of the total hydraulic force pressing against
the roll andaccordingly, the lower'roll does not need to"exejrt:as great a
force-against the upper roll '
Viewed in another way, when the upper roll is near the apex of its
outward movement, the dynamic driving force plus the inertia force must equal 
the dynamic hydraulic force plus the force of sliding friction, as discussed
in conjunction with Equation (12)o The build-up in the hydraulic force is
limited by the magnitude of the outward displacement of the upper roll and
apparently does not change vastly with increase in corrugating speed The
force of friction may be regarded as essentially constant Thus, an increase
in inertia force (approximately as the square of the speed) demands that the
driving force at the apex of roll movement decrease with increase in corru-
gating speed.
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On the other hand, the driving force, Rj at the side wall increased
from 4050 to 4230 lbo when the corrugating speed was increased from 40 to 100
fopomo Unfortunately, the experimentation was not extensive enough to deter-
mine whether this difference is statistically significant.
The aforementioned trends to lower molding force at the roots and
higher molding force at the side wall have been partially verified by measure-
ments of the caliper of the tips and side walls of flutes in single-faced
combined board. Each of the six types of corrugating medium listed in Table II
was corrugated in the Instituters single-facer at two speeds. Samples were ob-
tained with both A- and B-flute corrugating rolls. Flutes were cut from each
sample of single-faced board and calipered at the unadhered tip and at the two
side walls by means of a dial indicator on a rigid frame. The diameter of the
contact anvil of the indicator was 0ol25-inch for A-flute samples and Oo081 for
B-flute samples. The average caliper for the several samples and operating
conditions are shown in Table IIo
By way of general comment on the data of Table II, it may be noted
that, in general, the caliper of the flute tips and side walls was less than
the caliper of the medium before corrugating, as would be anticipated The
greatest reduction in caliper occurred at the tips, ranging from about 30 to
45% of the initial medium caliper in both A- and B-flute board. The reduc-
tion in caliper at the side walls never exceeded 20%o These data indicate
that the molding stress at the side wall is less than at the flute tip, even
though the molding force may be greater at the side wall than at the tip, as
discussed ih connection with the data of Table Io In a few instances, the
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TABLE II
EFFECT OF CORRUrATING SPEED ON CALIPER OF TIP AND'
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flute side wall caliper exceeded the medium caliper before corrugating--by
as much as 5%. This discrepancy probably reflects either (a) sampling
variation in the medium or (b) the fact that the technique of measuring
flute side wall caliper was somewhat less accurate than the tip measurements
(the gage was better suited to measurement of the arch than of the double-
curved side wall element)o
To the point of the present inquiry, it may be seen from the data
of Table II that in all instances the residual caliper at the flute tip in-
creased when the corrugating speed was increased. The increase in residual
caliper ranged from Ool to 0.7 of a point. This observation agrees with the
noted trend for molding force at the roots to decrease with increase in speed,
because the lower the force at a root, the lower would be the molding stress;
a lower stress during molding, in turn, would lead to less nonrecoverable strain
in the transverse direction and hence a higher residual caliper. It should be
mentioned that the flute tip which was measured corresponds to the root of the
lower corrugating roll. Of the two types of roots, the lower roll root ex-
hibited the lesser decrease in molding force with increase in speed, 'It may
be anticipated that the adhered tips of the flutes experienced somewhat greater
differences in residual caliper due to increase in corrugating speed.
The effect of speed on residual caliper of the flute side walls is
less clear-cuto In the case of the B-flute samples, the side wall caliper
decreased with increase in speed in all cases except one, as would have been
anticipated from the noted trend of increase in molding force at higher speed
The A-flute board displayed the opposite trend, however, which is contrary to
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what would be expected from the force determinations. As mentioned earlier,
less confidence can be placed in the side wall caliper measurements because
of the technique employed in gagingo
Taken in entirety, the measurements of medium caliper of the flutes
lend credence to the trend noted in the study of upper roll motion, namely, that
an increase in corrugating speed decreases the molding force at a root of the
roll (ioeo, flute tip) and increases the molding force at the side walls It
may also be noted that this result appears to be in agreement with the qual-
itative description of Peters (2) that "o0 o o at higher speeds the corrugating
medium becomes crushed by the hard blows of the jumping roll and there is a
rather' strong trend towards 'high-lowls' because the contact is missing"
Moreover, the observation that the force at the side wall becomes greater at
higher speed may be allied to Wilson's (a) conclusion that excessive "drop
action" can cause rupture of the'flute side walls
It may be recalled that the tangential force, L required to over-
come bearing friction and thereby maintain a nominally constant corrugating
speed was estimated to be 30 lbo This estimate ignored the effect due to
any momentary changes in angular acceleration of the upper roll such as may
arise from conjugate action of the upper and lower roll corrugations in
conjunction with the medium or from the lower roll drive system In view
of the small magnitude of the tangential force, T, relative to the radial
forces, R, shown in Table I,' it appears that, in general, the total molding
force, F -was essentially equal to the radial component and was directed
nearly parallel to the line joining the roll centerso 'That is, from
Equations (16) and (17),
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* - ~= R
and
= 4rctan (T/R) & 0
On the other hand, diminution of the radial driving force, R, with increase in
corrugating speed leads to a resultant molding force which is more inclined
away from the center line and the tangential driving component becomes of
increasing important to the magnitude of the total molding force The rela-
tive importance of the tangential driving force cannot be fully evaluated, how-
ever, until the significance of momentary angular acceleration is determined
The discussion of these angular accelerations which was presented in Theoretical
Considerations makes evident that an experimental program closely paralleling
the present study of linear accelerations is required
Because of the preliminary nature of this investigation, the trends
appearing in the data of Table I perhaps should be viewed with caution In-
asmuch as this study was primarily!an exploration of the theoretical and ex-
perimental method, the data are of only limited extent As may be noted,
the data reflect a, very small sampling of roll teeth--at most, eight at any
one speed Furthermore, the experimental method demanded that the dynamic
hydraulic force, xkhx be determined at a different tooth from that for which
the acceleration was calculated. ence, variations in tooth profile or medium
properties could introduce error into the reported analysis
It is believed, however, that the results of this analysis demonstrate
the feasibility of this theoretical and experimental approach to determining
the nature and magnitude of the transverse molding forces at the nip of the
l 
I
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corrugator. Moreover, it is believed that with a few modifications in the
method it will be possible to study efficiently the variations in transverse
molding force and thereby determine whether the variations are related to
high-and-low flutes and runnabilityo As discussed earlier, a major improve-
ment probably will be achieved by the substitution of an accelerometer for the 
present displacement transducer. This will permit direct recording of roll
acceleration and hydraulic force over a substantial number of consecutive
flutes, say, 20 or 250 Moreover, the corresponding single-faced board can
be sampled, using a technique already developed in studies of roll clearance
(4)o Thereupon, the transverse molding force may be compared directly with
the height and appearance of the flutes in the single-faced board. Work along
these lines is in progress0
Another modification which is being incorporated in the current ex-
perimental work is the strain gaging of the connecting rod between roll and
hydraulic cylinder at the opposite end of the corrugating rollo This is de-
sirable because there is evidence that the upper roll tilts during its jump-
ing motion at the higher speeds, making measurement at only one end inconclusive
This force measurement is being coupled with the present hydraulic force trans-
ducer to give an improved measurement of the instantaneous average hydraulic
force0 Alternatively, the measurements at either end of the upper roll can
be recorded on separate dual-beam oscilloscopes if the motions of the two ends
are to be studied independently 
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From these measurements it is believed there will proceed (a)
better estimates of the magnitude of the molding stress as a function of
corrugator operation and medium properties, and (b) greater insight into
the causes of highs-and-lows and leaning flutes in combined board and the
factors which govern runnability.
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APPENDIX A
SYMBOLS
F resultant force exerted by bottom roll on upper roll, lb.
Ff= force of friction between guide rods and bearing assemblies, lb.
g = acceleration of gravity, 386 ino/sec.e
H = force exerted by hydraulic system on upper roll, lb.
Hd= dynamic component of hydraulic force, lb.
H = static component of hydraulic force, lb.-s
I c mass moment of inertia, lbo ino seco
4= spring constant of hydraulic system, lbo/in.
Mf= moment of friction due to rotary bearing friction of upper roll, lbo-ino
m = mass, W/V, lbo seco2/ino
R = radial component of force exerted by bottom roll on upper roll, lb.
R= dynamic component of radial force exerted by bottom roll, lb.
R = static component of radial force exerted by bottom roll, lbo
-s
T = tangential component of force exerted by bottom roll on upper roll, lb.
t a time, seco
W = weight of upper corrugating roll and bearing assembly, lb.
x = co-ordinate of displacement of upper roll parallel to the line joining
the centers of the corrugating rolls, ino
x a i dt - velocity, ino/seco
x - x 2 = acceleration, ino/seco2








6 = angle of rotation of upper corrugating roll about its axis of rota-
tion, rad.
0 d2 Q/dt2 = angular acceleration of upper roll, rad./sec.
p = coefficient of sliding friction, dimensionless
If
I
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APPENDIX B
ERROR OF GRAPHICAL DETERMINATION OF ACCELERATION
An appreciation for the inherent error introduced by a graphical
determination of acceleration from a displacement vs. time curve may be
gained from consideration of a simple harmonic motion, x - sin t, as dia-
grammed in Figo 9o The origin of co-ordinates is taken at the right-hand
side of the illustration in conformity with the oscilloscope traces of Figo 6.
That consideration of a simple sine curve is appropriate to this discussion,
it may be recalled that any periodic motion can be approximated to an arbitrary
degree of accuracy by a series of sine (or cosine) functions of progressively
increasing frequency and that, furthermore, frequently the first harmonic
term serves as a satisfactory first, though crude, approximation. The latter
would appear to be true of the oscilloscope curves of Fige 60
For the sine function diagrammed in Figo 9, the maximum acceleration,
X2, which occurs at point L is given exactly by
*x = 7Jt- /2 -- ^tl --sn- 1.0 (18)
The velocity, l,, at any arbitrary point A is given by
x = d a cos t (19)
and the velocity at T is
x = cos t = Oo (20)
From Equations (19) and (20), the average acceleration from A to T is












Displacernerft vs. Time Curve for Simple Harmonic Motion,
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The average acceleration obtained from Equation (21), for various points A,
may be compared with the peak acceleration.at point T for purposes of study-
ing the inherent error of a graphical determination of acceleration. Compu-
tation of average acceleration and the aforementioned comparison are
summarized in Table III,
It may be seen from the data of Table IIIthat the difference be-
tween the average acceleration (as would be determined graphically) and the
exact acceleration at the peak of the curve diminishes as the point A ap-
proaches the peak of the curve, At t = 45', which is one-half of a quarter
cycle, the average acceleration is 10% less than the peak acceleration The
maximum error is -36%, when point A is taken at the origin of the half-waveo
In projecting these results to the graphical determination of accelera-
tion from a displacement-time curve such as Fig. 6, it must be remembered that
the above considerations presume that the tangent at point A is drawn accurately
and that the curve in question is approximated adequately by a sine function.
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TABLE III
ERROR IN GRAPHICAL DETERMINATION OF ACCELERATION










































Peak acceleration is negative unity at t = 90*.
Time, t
degrees
0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
cos t
1.000
0.996
0.985
0.966
0.940
0,906
0,867
0.819
0.766
0.707
0.643
0.574
0.500
0.423
0.342
0.259
0.174
0.087
0.000
0t
radian
1.571
1.484
1.396
1.309
1.222
1.134
1.047
0.960
0.873
0.785
0.698
0.611
0.524
0.436
0,349
0.262
0.175
0.087
0.000
a
-
